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(54) A polarization-stable vertical cavity surface emitting laser device and a method of stabilizing 
the polarization of such a laser device 



(57) A method is disclosed in which the principle of 
phase-coupling is used to stabilize the polarization of 
laser radiation emitted by a plurality of phase-coupled 
vertical cavity surface emitting laser elements 
(106,305,405). Due to a suitable coupling strength be- 
tween adjacent VCSEL elements (105,305,405), the 
probability of polarization flips of VCSEL devices operr 



ated in the single mode region is zero or at least drasti- 
cally reduced. Moreover, a VCSEL device is disclosed, 
comprising a polarization adjusting means (31 1 ,31 2) for 
controlling the polarization direction of an arrangement 
of a plurality of phase-coupled VCSEL elements 
(105,305,405), wherein the polarization direction of 
each VCSEL element is substantially kept constant. 
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Description 

[0001] The present Invention relates to a vertical cav- 
ity surface emitting laser (VCSEL) device including a 
plurality of phase-coupled VCSEL elements, a top dis- 
tributed Bragg reflector, a phase-matching layer and a 
metal grid defining two or more radiation windows of the 
VCSEL device. Furthennore, the present invention re- 
lates to a method of stabilizing the polarization of a VC- 
SEL device. 

[0002] Vertical cavity semiconductor lasers have at- 
tracted increasing interest for a large number of appli- 
cations. For example, single-mode devices with limited 
output power and high spectral purity are employed for 
sensing, pumping, spectroscopic applications and/or 
high-speed data communication. It should be noted that 
throughout this application, the temi "single mode" re- 
fers to a single transverse radiation mode. Multi-mode 
devices, on the other hand, are used in applications de- 
manding less spectral qualities but a higher degree of 
output power. A suitable measure to Increase the output 
power of a vertical cavity surface emitting laser device 
resides in the possibility to manufacture a plurality of sin- 
gle elements on a common substrate and to arrange 
them as an array. Contrary to edge-emitting laser ar- 
rays, the unique configuration of vertical cavity surface 
emitting lasers allows the realization of densely packed 
two-dimensional an-ays. In applications merely requiring 
high output power, coherence of the radiation emitted 
by the laser an^ay may not play an important role. In 
many applications, however, low beam divergence and 
high spectral purity are critical parameters that do not 
permit the employment of non-coherent arrays. For 
these spectrally more demanding applications, arrays 
of phase-locked lasers may be arranged In such a way 
that the arrays select a single transverse radiation mode 
for the whole array. With this technique, focused diffrac- 
tion-limited far-field beams can be achieved in spectrally 
pure, high-power single-mode VCSEL arrays. 
[0003] Phase-locked VCSEL an-ays have been Inves- 
tigated and several different designs, mostly for bottom 
emitting devices, have been proposed and tested. In 
"Continuous Wave Operation of Phase-Coupled Verti- 
cal Cavity Surface Emitting Laser An-ays" In Applied 
Physics Letters, volume 77, number 1 5, October 9, 2000 
by Monti di Sopra, et al, an-ays of vertical cavity surface 
emitting lasers are described. These laser arrays are re- 
alized by patterning the reflectivity of the top distributed 
Bragg reflector using a phase-matching layer and a met- 
al grid. For an improved current Injection and better heat 
dissipation, the devices were selectively oxidized. With 
these arrays, a continuous wave operation at room tem- 
perature has been achieved at 960 nm. 
[0004] Commonly, VCSEL devices are manufactured 
on a substrate having a crystallographlc surface orien- 
tation [1 00]. When injecting current Into the active region 
of the VCSEL, laser radiation is generated and coupled 
out of the device In the [1 00] direction. The emitted ra- 



diation typically shows a linear polarization along the 
[01 1 ] or [01 -1 ] direction, except for a small elliptical com- 
ponent. Unfortunately, VCSELs operated in a single 
mode, i.e. VCSELs having an optically confining reso- 

5 nator that substantially favors a single transverse mode 
oscillation over a certain current range, tend to abruptly 
change the polarization direction, partlculariy when the 
injection current is increased or when the temperature 
is changed. These spontaneous changes of the polari- 

10 zatlon direction. I.e. from the [Oil] to the [01-1] direction 
and vice-versa, are also referred to as polarization flips. 
The frequency separation between the two orthogonally 
polarized components of the fundamental mode is be- 
tween 0 and 50 GHz, depending on the device. Apart 

IS from this wavelength shift, a polarization flip also dras- 
tically Increases the intensity noise. Since many appli- 
cations, for example. In optical communication systems, 
in sensing, spectroscopy or pumping, and the like, are 
polarization, noise or wavelength sensitive, uncon- 

20 trolled polarization flips may drastically degrade the per- 
fonnance of VCSEL devices, or even completely inhibit 
the employment of such devices for these correspond- 
ing applications. 

[0005] In view of the above-mentioned problems, 
25 there exists a need for a method of operating a VCSEL 
device in such a way that the radiation emitted from this 
device is substantially coherent and spontaneous polar- 
ization flips are substantially avoided wrthln an injection 
current range defining a single mode operation area. 
30 [0006] Furthermore, a need exists for a VCSEL de- 
vice exhibiting a high output power thereby substantially 
avoiding spontaneous polarization flips when operated 
as a single mode device. 

[0007] According to one aspect of the present inven- 
ts tlon, a method of stabilizing the polarization of a vertical 
cavity surface emitting laser device comprises: provid- 
ing two or more VCSEL elements capable of substan- 
tially emitting single mode radiation of substantially the 
same wavelength and an-anged to allow phase-coupling 
40 between said two or more VCSEL elements, and initiat- 
ing emission of radiation by injecting cun-ent into the two 
or more VCSEL elements to produce a phase-coupled 
radiation, wherein the polarization direction of each of 
the two or more VCSEL elements remains substantially 
4s constant during operation. 

[0008] As previously described, VCSEL elements 
tend to spontaneously change their polarization direc- 
tion in a single mode operation, especially when the in- 
jection current is Increased. The present invention is 
50 based on the Inventors' finding that operating two or 
more VCSEL elements in a phase-coupled mode avoids 
spontaneous polarization flips or at least extremely re- 
duces the probability for such polarization flips. Al- 
though the exact physical mechanism is not yet clear, It 
55 is assumed that locally occurring quantum-mechanical 
fluctuations, which may othenwise cause a polarization 
flip In a single independently operated VCSEL element, 
cannot effect a change of the state of the radiation field 
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due to the relatively strong coupling to the radiation field 
of an adjacent VCSEL element that does not experience 
the same quantum-mechanfcal fluctuations. For exam- 
ple, corresponding experiments can-led out by the in- 
ventors showed that an an^ay of 2X2 VCSEL elements 
each having a square shaped radiation emitting surface 
of 4X4 separated by 1 ixm wide stripes of a metal 
grid does not exhibit any polarization flips within the en- 
tire injection current range that allows a single mode op- 
eration of the VCSEL elements. Moreover, already the 
an-angement of two phase coupled VCSEL elements 
leads to an extremely reduced probability for a polariza- 
tion flip in each of the two elements over a wide range 
of Injection currents. Thus, by applying the principle of 
phase-coupling of adjacent VCSEL elements to the 
problem of polarization stabilizing of vertical cavity sur- 
face emitting lasers operated as single mode elements, 
as described in the present invention, a coherent radia- 
tion source with a stable polarization direction and hav- 
ing an output power depending on the number of VCSEL 
elements and the injected current is provided. Accord- 
ingly, a plurality of VCSEL elements an-anged and op- 
erated as herein described allows the employment and 
spectrally demanding and polarization-sensitive appli- 
cations. 

[0009] In a further embodiment, the method provides 
a phase-coupling region between adjacent VCSEL ele- 
ments, the phase-coupling region having a lateral di- 
mension and a longitudinal dimension, substantially 
perpendicular to the emission direction of the VCSEL 
elements, wherein the lateral dimension is less than the 
longitudinal dimension and wherein the lateral dimen- 
sion Is in the range of about 7 to about 0.1 ^m. 
[001 0] By providing a phase-coupling region between 
adjacent VCSEL elements with dimensions as specified 
above, the coupling strength between adjacent VCSEL 
elements may be adjusted In confomiity with design re- 
quirements. A distance between VCSEL elements de- 
fined by said lateral dimension, on the one hand, en- 
sures that adjacent VCSEL elements will not operate as 
one large VCSEL element, and on the other hand, pro- 
vide a sufficient coupling strength between the adjacent 
radiation fields so as to achieve coherence between the 
radiation emitted by the adjacent VCSEL elements. By 
setting a maximum lateral dimension to about 7 ^m. It 
is guaranteed that adjacent VCSEL elements will not be- 
have like individual uncorrelated laser emitters. 
[0011 J According to a further embodiment, in each 
VCSEL element, a radiation window is provided with a 
size from about 40 \xm^ to about 1 \m^, 
[0012] In general, the size of a radiation window of a 
VCSEL element Is frequently a compromise between 
the desire for a stable single mode operation and a re- 
quired high output power. A reduction In size of the ra- 
diation windows stabilizes a single mode operation of 
the device over a wide injection current range, but on 
the other hand, reduces the size of the available reso- 
nator volume and hence decreases the output power 



emitted from the VCSEL element In polarization-sensi- 
tive applications requiring a higher output power using 
a plurality of Individual emitters Is not practical since the 
individual emitters will frequently change the polariza- 

5 tlon direction. Accordingly, the present Invention allows 
to vary the size of the radiation window in accordance 
with design requirements wherein a large number of 
small-sized radiation windows for stabilizing the single 
mode operation may be provided to Increase the overall 

10 output power but which do not exhibit any polarization 
flips. 

[0013] In a further embodiment, a reflectivity differ- 
ence between a resonator region corresponding to a ra- 
diation window of each of the VCSEL elements and a 
IS phase-coupling region provided between adjacent VC- 
SEL elements is selected to be within about 0.5 to 1 5%. 
[001 4] By selecting the reflectivity difference between 
a region of the resonator corresponding to a radiation 
window and a region separating two adjacent VCSEL 
20 elements, a single mode can be enhanced by increasing 
the min'or loss for ail other modes and at the same time 
the coupling strength between adjacent elements may 
be adjusted since the coupling strength depends on the 
number of cross-scattered photons, i.e. on the number 
of photons reflected by the phase-coupling region into 
the neighboring VCSEL element. For example, a reflec- 
tivity difference of about 1 .5% allows relatively large VC- 
SEL elements of 4X4 jim2, wherein the coupling 
strength is maintained sufficiently high so as to avoid 
any polarization flips of the individual VCSEL elements. 
Furthennore, in view of output power, It is preferable to 
minimize the region covered by the phase-coupling re- 
gion, such as a metal grid provided on one of the mirrors 
of the laser device, to obtain a maximum output from a 
minimum substrate area, the phase-coupling region, I. 
e. the stripes of the metal grid, may be scaled down to 
about 0.1 jun with a correspondingly increased reflec- 
tivity difference of about 1- 15%. For stripes ranging 
from about 1 nm to about 7\m, preferably the reflectivity 
difference may be adjusted to approximately 0.5% to 
10%. This relatively large reflectivity difference then 
maintains the coupling strength between adjacent laser 
elements at a required low level to avoid a radiation 
mode in which adjacent VCSEL elements emit as one 
single laser. 

[0015] In a furthei- variation, 2 - 5 VCSEL elements 
are provided. Applying the principle of phase-coupling 
to polarization-stabilizing allows the operation of only 
few VCSEL elements In single mode without polariza- 
tion flips. This may be advantageous in polarization- 
sensitive applications requiring merely the output of only 
a few VCSEL devices. 

[001 6] In a further embodiment, two or more VCSEL 
elements are top-emitting VCSEL elements. Compared 
to bottom-emitting devices, the top emitting design in 
general exhibits a higher mirror reflectivity and thus the 
mirror losses are much smaller leading to an increased 
output power. 
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[0017] In a further modification, the phase-coupling 
region Is provided, at least partially, as an electrically 
conductive material. This measure allows to separate 
adjacent VCSEL elements by, for exanfiple, a metal grid, 
which may be connected to a power supply to provide 
current into the active regions of the VCSEL elements. 
[0018] In a further embodiment, the phase-coupling 
region is provided on top of a distributed Bragg reflector 
to define radiation windows. 

[001 9] The provision of the phase-coupling region on 
top of a distributed Bragg reflector combines the advan- 
tage of a higher reflectivity of the reflector with a simple 
manufacturing procedure in accordance with standard 
process technologies. 

[0020] In a further embodiment, the phase-coupling 
region is provided as a grid layer veriilcally arranged be- 
tween a first mirror means and a second mirror means 
forming a resonator of the VCSEL elements. 
[0021 1 According to this embodiment, the phase-cou- 
pling region, for example, in the forni of a metal grid, is 
provided between the reflectors and Is thus closely ar- 
ranged at the active region of the VCSEL elements. In 
combination with a Bragg reflector, which may be 
fornied by, for example, wafer bonding or a regrowth 
method after fomriation of the phase-coupling region, 
considerably higher reflectivity differences between the 
phase-coupling region and the remaining resonator ar- 
ray are obtained, and hence, the lateral separation of 
adjacent VCSEL elements may accordingly be reduced 
to obtain a high output power efficiency from a given 
substrate area. 

[0022] I n a further embodiment, a second phase-cou- 
pling region is provided, dividing each of the VCSEL el- 
ements into two or more sub portions wherein the sec- 
ond phase-coupling region exhibits a second reflectivity 
difference that differs from the reflectivity difference of 
the phase-coupling region. 

[0023] According to this embodiment, the second 
phase-coupling region allows a further reflectivity mod- 
ulation in individual VCSEL elements. The further reflec- 
tivity modulation may be adjusted in confomiity with the 
crystaliographic orientation of the substrate on which 
the VCSEL elements are formed in order to select the 
initial polarization of the Individual VCSEL elements, 
wherein, due to the principle of the present invention, 
the initial polarization direction Is maintained substan- 
tially over the entire single mode operation region, 
[0024] In a further variation, the two or more VCSEL 
elements are arranged as an an^ay defined by the phase 
coupling region formed on top of a top Bragg reflector 
of the VCSEL elements. The arrangement of the VCSEL 
elements as a regular two-dimensional array defined by 
the phase-coupling region, for example in the form of a 
metal grid, Is fully compatible with standard manufactur- 
ing procedures while the provision of the phase-cou- 
pling region on top of a top Bragg reflector ensures a 
high efficiency of the entire device, as previously de- 
scribed. 



[0025] In a further embodiment, the phase-coupling 
region is provided, at least partially, as a conductive grid 
layer used to inhomogeneously inject current. By this 
measure, current can be injected inhomogeneously de- 

5 pending on the locations, where the grid layer is electri- 
cally conductive. Accordingly, the injection current is lo- 
cally distributed in confomriity with the conductive por- 
tions of the grid layer which may be arranged in accord- 
ance with the crystaliographic orientation of the sub- 

10 strate to achieve a required initial polarization direction 
of each of the individual VCSEL elements. In particular, 
a combination of a partially conductive grid layer as the 
phase-coupling region and a second phase-coupling re- 
gion, as described above and mainly comprising a non- 

15 conductive material, may result in a modulation of the 
injection current and the reflectivity difference in the In- 
dividual VCSEL elements so as to obtain the required 
initial polarization direction. 

[0026] In a further embodiment, stripes of the grid lay- 

20 er extending along a first direction and stripes extending 
along a second direction are supplied with different cur- 
. rents respectively. Accordingly, the cun-ent distribution 
of the VCSEL elements may be adjusted in confonnily 
with a required Initial polarization direction. For exam- 

25 . pie, by changing the cun-ent applied to the respective 
stripes, a cun-ent distribution can be modulated to cor- 
respond to the polarization direction that is 90° perpen- 
dicular to the initial polarization direction. Hence, differ- 
ent initial polarization directions can be selected during 

30 turning on of the elements and/or the polarization direc- 
tion during operation may be switched. 
[0027] In a further variation, each radiation emitting 
surface of the VCSEL elements is substantiaily of 
square shape, rectangular shape, diamond shape or of 

35 hexagonal shape. This an-angement allows a plurality 
of configurations to select the number of nearest neigh- 
bors, the type of coupling, I.e. In phase-coupling or out 
of phase-coupling, and the like, as a matter of design in 
accordance with standard manufacturing procedures of 

40 VCSEL devices. 

[0028] In a further embodiment, the array of VCSEL 
elements is asymmetric. This configuration easily allows 
the implementation of a certain degree of anisotropy 
with respect to the crystaliographic orientation of the 

45 substrate so as to favor a pre-determlned polarization 
direction of the VCSEL elements. 
[0029] In a further embodiment, a strain element is 
provided to produce orientation dependent strain in one 
or more of the VCSEL elements. The provision of the 

50 strain element allows the selection of a desired polari- 
zation direction due to the anisotropic application of 
strain In one or more of the VCSEL elements. 
[0030] In a further embodiment, a means for selecting 
the orientation of the strain is provided. By providing a 

55 means for selecting the orientation of the strain, for ex- 
ample, in the form of a controllable heating means that 
deposits selectively and locally limited heat in one or 
more VCSEL elements to cause anisotropic thermal 
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stress, a pre-defined polarization direction may be se- 
lected. 

[00311 In afurther embodiment, the VCSEL elements 
are operated In a continuous wave mode. This modifi- 
cation advantageously allows the employment of the s 
present invention for applications that require a coher- 
ent polarlzatlon-stable continuous output power. 
[0032] According to another aspect of the present in- 
vention, a polarization-stable VCSEL device comprises 
an array of 2 - 5 phase-coupled VCSEL elements capa- io 
ble of emitting in a single mode, whereby, during oper- 
ation, the polarization direction of each of the VCSEL 
elements remains substantially constant 
[0033] As previously described, an array of few VC- 
SEL elements is provided comprising the advantages 
as pointed out above. 

[0034] According to still another aspect of the present 
invention, a polarization-stable VCSEL device Is provid- 
ed, comprising: a plurality of phase-coupled VCSEL el- 
ements, and a polarization adjusting means to select a 20 
polarization direction in one or more of the phase-cou- 
pled VCSEL elements. 

[0035] The advantages obtained by a VCSEL device 
having means for adjusting a polarization direction, 
which then does not exhibit any polarization flips due to 25 
the phase-coupling of the plurality of VCSEL elements, 
are already pointed out above. 
[0036] In a further embodiment, the polarization ad- 
justing means comprises a strain element causing ori- 
entation-dependent strain in one or more of the phase- so 
coupled VCSEL elements. 

[0037] In a further embodiment, the strain element 
comprises a strain layer Including one or more shrunk 
material layers to create the orientation-dependent 
strain. 35 
[0038] Shrinkage of material layers of VCS EL devices 
is a standard manufacturing procedure, for example, 
when oxidizing aluminum-containing layers of the Bragg 
reflector are selectively oxidized so that by providing an 
orientation-dependent fomri of the mesa containing, the 40 
top Bragg reflector, the shrunk material layers exert ori- 
entation-dependent strain to the resonator region and/ 
or active region of the VCSEL device. 
[0039] in a further embodiment, the polarization ad- 
Justing means comprises electrodes to Inject current into 
the VCSEL elements in an orientation-dependent fash- 
ion. The electrodes for injecting orientation-dependently 
current into the VCSEL elements allow the selection of 
an initial polarization direction. 

[0040] In a further embodiment, the plurality of phase- 50 
coupled VCSEL elements are arranged in an array de- 
fined by a grid layer comprising electrically conductive 
portions. 

[0041 ] According to a further embodiment, that array 
Is asymmetric. 55 
[0042] In a further embodiment, each element of the 
array is of square shape or rectangular shape. 
[0043] In a further embodiment, respective emission 



windows of the plurality of VCSEL elements are of po- 
lygonal shape. 

[0044] In a preferred embodiment, the VCSEL device 
further comprises a phase-matching layer on top of a 
distributed Bragg reflector, wherein the phase-matching 
layer adjusts a reflectivity difference of the VCSEL res- 
onator area below a radiation window and of a region 
separating two adjacent VCSEL elements to about 0.5 
- 5%. 

[0045] A phase-matching layer allows, for example, 
by adapting the optical thickness of the phase-matching 
layer to the optical characteristics of the distributed 
Bragg reflector, to determine in advance the reflectivity 
difference, which in turn, affects the mode selectivity 
and the coupling strength between adjacent VCSEL el- 
ements as previously described. Accordingly, due to the 
phase-coupling of the VCSEL elements that is achieved 
by means of the reflectivity difference adjusted by the 
phase-matching layer, an initial polarization direction 
adjusted by the polarization adjusting means is main- 
tained. 

[0046] In a^ further embodiment, the VCSEL device 
further comprises a phase-coupling region arranged 
within a resonator of the VCSEL device. 
[0047] According to this arrangement, the phase-cou- 
pling region is an-anged moreclosely to the active region 
of the VCSEL device such that a reflectivity difference 
between an undisturiDed resonator region and a region 
con-espondingto the phase-coupling region is relatively 
large, for example, the reflectivity difference is larger 
than about 3%. Accordingly, adjacent VCSEL elements 
may be closely spaced with a small phase-coupling re- 
gion an-anged therebetween wherein the large reflectiv- 
ity difference ensures an appropriate coupling strength 
between adjacent VCSEL elements to avoid any polar- 
ization flips of individual elements. 
[0048] Further advantages, objects and embodi- 
ments of the present invention are defined In the ap- 
pended claims. 

[0049] With reference to the accompanying drawings, 
the present Invention will be described in more detail by 
way of example. In the drawings: 

Figure 1 is a schematic perspective view of an em- 
bodiment of a polarization stable VCSEL device op- 
erated in accordance with the present Invention; 

Figure 2 Is a diagram depicting the results of a cal- 
culation of the reflectivity difference between an un- 
disturt^ed portion of the resonator of the VCSEL de- 
vice and a portion covered by a metal grid; the cal- 
culation refers to the VCSEL devtee depicted in Fig- 
ure 1 , having a top Bragg reflector with a specified 
number of layers, a specified phase-matching layer 
and a specified metal grid on top of the Bragg re- 
flector; 

Figure 3 is a schemata top view of a further embod- 
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iment of the present invention Illustrating a VCSEL 
device having a polarization adjusting means; and 

Figure 4 schematically shows a top view of a further 
embodiment of the present invention comprising a 
grid layer, wherein crossing stripes of the grid layer 
are electrically Insulated against each other and re- 
ceive different Injection cun-ents. 

[0050] Figure 1 is a perspective schematlcal view of 
an embodiment of a VCSEL device 100 in accordance 
with the present Invention. In Figure 1, the VCSEL de- 
vice 100 comprises a distributed bottom Bragg reflector 
101 including a stack of layers having in an alternating 
fashion, a different index of refraction. The bottom re- 
flector 1 01 Is fonned on an appropriate substrate that Is 
not shown In the figure. 

[0051] It should be noted that the terms "top, bottom, 
vertical and horizontal" used throughout this application 
are not meant as limiting terms but merely describe di- 
rections and positions with respect to the substrate on 
which the VCSEL device Is formed. For example, a bot- 
tom-emitting VCSEL device does not necessarily emit 
radiation "downwardly" but Instead refers to a device 
wherein the radiation passes through the substrate or 
passes through the "bottom" mln-or that has Initially 
been fomied directly on the substrate, which may en- 
tirely be removed after completion of the VCSEL device. 
Similarly, the ternn "vertical" indicates a direction per- 
pendicular to the major surface of a wafer on which a 
VCSEL device is typically fomned. 
[0052] Between the bottom reflector 1 01 and a top re- 
flector 102, a cavity 103 is sandwiched including the la- 
ser active region of the VCSEL device 100. On top of 
the reflector 102, a phase-coupling region 104 Is 
fomied, thereby defining a plurality of VCSEL elements 
105. In the embodiment Illustrated In figure 1 , the phase- 
coupling region 104 is represented by a metal grid de- 
fining the square shaped VCSEL elements 105. As 
shown, the VCSEL elements 1 05 are arranged as a 2X2 
cross anray. It should be noted, however, that the 
present invention is also applicable to any appropriate 
arrangement that ensures a suitable phase-coupling be- 
tween adjacent VCSEL elements to provide a polariza- 
tion stable output. For example, a 1X2, 1X3, etc. as well 
as arrays containing more than 4 laser pixels are in ac- 
cordance with the present Invention. Finally, a phase- 
matching layer 106 comprising GaAs and having a 
specified optical thickness is provided between the 
phase-coupling region 104 and the top reflector 102. 
[0053] In operation, an injection current is continuous- 
ly provided to the cavity 1 03 by, for example, the bottom 
electrode (not shown) and the phase-coupling region 
1 04, which in the present example, is fomied as a stack 
of layers comprising respectively of Pt, Ti, R and Au. 
Due to the phase-coupling region, i.e. the grid 104, the 
reflectivity of the top reflector 102 is periodically 
changed in a plane perpendicular to the major emission 



direction of the VCSEL device 100. As a consequence 
of this reflectivity modulation, a reflectivity difference ex- 
ists between a region not covered by the phase-coupling 
region 1 04 which may also be referred to as a radiation 

5 window and the regions covered by the grid 104. This 
reflectivity difference leads to an enhancement of a sin- 
gle radiation super mode, namely the one having the 
smallest mirror loss across the entire an'ay. Further- 
more, the modulation of the reflectivity detemiines the 

10 coupling strength between the adjacent optical resona- 
tors, i.e. between adjacent VCSEL elements 1 05. An in- 
sufficient reflectivity difference makes the VCSEL ele- 
ments 105 behave like a single, large multi-mode VC- 
SEL device. Too large a reflectivity difference, on the 

IS other hand, will reduce the coupling strength to the point 
where the coupling entirely disappears and the an-ay 
starts to behave like an array of individual non-coupled 
laser elements. 

[0054] Figure 2 shows the results of a cateulation of 

20 the reflectivity of the top Bragg reflector 1 02 for a given 
number of layers as a function of thickness of the phase- 
matching layer 1 06. The solid line in Figure 2 represents 
the results of the calculation of the reflectivity of the re- 
flector 102. the cavity 103, the phase-matching layer 

25 106 and the phase-coupling region 104, As previously 
explained. In the present case, the phase-coupling re- 
gion 104 comprises a PtTiPtAu layer stack. The dotted 
line In Figure 2 denotes the results of the calculations 
referring to the reflectivity of the cavity 103 the top re- 

30 fleeter 102 and the phase-matching layer 106 without 
the grid 1 04, thereby assuming an air/GaAs interface for 
the radiation exiting the phase-matching layer 106. As 
can be seen from Figure 2, a thickness of 116 nm for 
the phase-matching layer 1 06 results in a reflectivity dif- 

35 ference of about 1 .5%. With a 4X4 jim^ area of each 
VCSEL element 1 05 and a width of 1 jim of the stripes 
of the grid 1 04, a single radiation mode is established 
In the VCSEL array in which each VCSEL element 105 
radiates in a single mode with a phase difference of 1 80** 

^0 to the nearest neighbors. This type of phase-coupling Is 
also referred to as out of phase-coupling. Depending on 
the coupling strength, I.e. the width of the stripes of the 
grid 104 and the reflectivity difference provided by, for 
example, a phase-matching layer as described in the 

45 present embodiment, an In-phase mode may also be ex- 
cited wherein the radiation of adjacent VCSEL elements 
105 Is In phase. It should be noted that a different 
number of layers of the Bragg reflector and/or different 
materials In the phase-matching layer and/or the metal 

so grid will result In a different reflectivity difference. 

[0055] As previously explained, VCSEL devices are 
^fabricated on crystalline substrates having a surface ori- 
entated in the [1 OOjdirection. Due to the crystallographic 
orientation of the surface, the radiation generated in a 

55 VCSEL element is polarized in the [011] or [01 -1] orien- 
tation, except for a small elliptical component. A quan- 
tum-mechanical probability for selecting a certain polar- 
ization direction depends on a variety of parameters so 
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that in general, the initial polarization direction with 
which the VCSEL device starts operation is not predict- 
able and a high probability exists for spontaneously 
changing the polarization direction due to unavoidable 
quantum-mechanical fluctuations. One source leading s 
to a drastically enhanced probability for polarization flips 
is increasing the Injection current required for obtaining 
a maximum output power. As a consequence, conven- 
tionally operated single mode devices with high output 
power frequently change their polarization direction and 10 
are, thus, not usable in polarization-sensitive applica- 
tions. According to the inventors* findings, the adverse 
influence of local quantum-mechanical fluctuations on 
the probability for polarization flips can be eliminated by 
phase-coupling of at least two adjacent VCSEL ele- t5 
ments. The operation of a corresponding arrangement 
allows to vary the Injection cun-ent over the entire range 
available for single mode operation substantially without 
polarization flips. In particular, the inventors found that 
the 2X2 an^ay as depicted in Figure 1 does not show any 20 
polarization flips in any of the VCSEL elements 105, 
even if the injection current is varied across the entire 
single mode operation region. It should be noted that 
the present invention Is also applicable to arrangements 
with two to an ari^itrary number of VCSEL elements, 2S 
whereby presently the maximum number of elements is 
limited by the homogeneity of the wafer on which the 
VCSEL elements are fomied. Moreover, although the 
method of stabilizing polarization of a plurality of VCSEL . 
elements is described with reference to a top emitting 30 
VCSEL device comprising a phase-matching layer, the 
present invention Is also applicable to bottom emitting 
devices and to devices without a phase-matching layer 
as long as the coupling strength is suitably adjusted. 
[0056] Under certain circumstances, Itmaybeadvan- 35 
tageous to maximize the output power by providing as 
much "active" laser region as possible and reducing the 
area occupied by the phase-coupling region 104 to a 
minimum. In this case, the phase-coupling region 104 
may be reduced In width down to 0.1 ^m while on the 40 
other hand, the reflectivity difference is adjusted to a val- 
ue of about 1 - 15%. The relatively large value of the 
reflectivity difference then leads to the required lowering 
of the coupling strength to obtain the required polariza- 
tion-stabilizing effect according to the present Invention. 45 
Without suitably reducing the coupling strength, the en- 
tire structure would act as one single large VCSEL de- 
vice with a high output power but lacking the advantage 
of a single mode radiation. 

[0057] In an illustrative embodiment (not shown in the so 
figures), a phase-coupling region, for example in the 
form of a metal grid, is arranged between the two mirror 
means such as distributed Bragg reflectors depicted in 
Figure 1 and is thus located in the vicinity of the active 
region of the VCSEL device. According to this arrange- 55 
ment, the reflectivity difference between an "active" res- 
onator area and a region corresponding to the phase- 
coupling region can be increased more effectively such 



that a reflective difference of 3 - 1 0% and even 1 5% can 
be achieved. Consequently, adjacent VCSEL elements 
may be closely arranged with a spacing down to about 
0.1 fim, thereby still exhibiting a suitable coupling 
strength to avoid polarization flips during operation, as 
is explained in the foregoing chapter. 
[0058] In many applications, it may be advantageous 
to select the initial polarization direction or even to 
switch the polarization direction during operation of the 
VCSEL device. Figure 3 schematically shows atop view 
of a further embodiment of the present Invention, depict- 
ing a VCSEL device having a polarization adjusting 
means. In Figlire 3, a VCSEL device 300 comprises a 
pair of mirror means and an active region arranged ther- 
ebetween, which for the sake of clarity, are not shown 
In the figure. On top of the top min-or means, a grid 304 
Is fomned defining a plurality of VCSEL elements 305 
arranged as a 2X2 an-ay. As in the previous embodi- 
ment, the grid 304 may comprise a stack of metal layers 
fomned from, for example, Pt, Ti, Pt. Au. Moreover, the 
VCSEL devtee 300' comprises polarization adjusting 
means 31 0 that is provided in the form of a stack of strain 
layers containing a large amount of aluminum that has 
selectively been oxidized during formation of the mesa 
containing the top min^or means. The polarization ad- 
justing means 31 0 comprises two opposing longitudinal 
elements 311 and 312 respectively, which are also 
fomried during selectively oxidizing the stack of layers 
containing, in an alternating manner, a high amount of 
aluminum and a relatively low amount of aluminum. Due 
to the different degree of shrinkage occurring during the 
oxidization of the aluminum, an orientation -dependent 
strain is generated in the VCSEL device which in turn 
leads to the stabilizing of one polarization direction In 
each of the VCSEL elements 305. In the embodiment 
depicted in Figure 3, each individual VCSEL element 
305 experiences substantially the same mechanical 
strain. Thus, In each VCSEL element 305, the same po- 
larization direction is established upon injecting of a cur- 
rent, which is then, according to the principle of polari- 
zation-stabilizing by phase-coupling, maintained irre- 
spective of the amount of Injection current It should be 
noted, however, that the polarization adjusting means 
310 representing a strain element Is not limited to the 
embodiment shown In Figure 3. For example, a plurality 
of strain elements may be provided for a larger laser ar- 
ray whereby the strain orientation may be different for 
different strain elements. Thus, it Is possible to energize 
a first group of laser elements belonging to a first strain 
orientation and then energize the laser elements be- 
longing to a second group corresponding to a second 
strain orientation such that the polarization direction 
may be selected by energizing the corresponding group 
of laser elenients. Furthemnore, when dividing the laser 
elements Into two groups of different polarization direc- 
tions, both groups may be energized simultaneously 
with the same injection current or with a varying injection 
cun-ent such that the resultant radiation is polarized In 
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accordance with the applied injection currents. Prefera- 
bly, the strain elements are arranged such that the 
phase-coupling of the entire array Is maintained to ob- 
tain coherence of the radiation emitted by the total array. 
[0059] In a further embodiment (not shown in the fig- 5 
ures), a polarization adjusting means comprises a heat- 
ing means, for Instance In the form of a resistance layer, 
which locally generates heat in the VCSEL device In an 
orientation-dependent manner so as to produce strain 
by thermal stress. It is also possible to Incorporate a re- io 
glon of different thermal conductivity so that heat creat- 
ed in the active region during operation of the device Is 
inhomogeneously transported and hence an Inhomoge- 
neous thennal stress Is generated within the device, re- 
sulting in the preference of a certain polarization direc- is 
tion. 

(0060) In further embodiments (not shown In the fig- 
ures), asymmetric arrays and/or asymmetric shapes of 
the individual VCSEL elements may be used to define 
an initial polarization direction. For example, instead of so 
square shaped elements, rectangular elements regis- 
tered In confomilty with the crystallographic orientation 
of the substrate may be used. Moreover, the stripes of 
the grid, for example, the stripes of the grid 304 shown 
in Figure 3, may be used as electrodes for providing the 
Injection current to the VCSEL device. In this case, only 
the stripes extending along one direction, for Instance, 
the vertical direction in Figure 3, may be connected to 
an external power supply, whereas the laterally extend- 
ing stripes are isolated from the upwardly extending 30 
stripes, so that the resulting injection current is orienta- 
tion-dependent and leads to the establishment of a pre- 
ferred polarization direction. Moreover, the vertical and 
horizontal stripes can be connected to individually ad- 
justable power supplies so as to provide a different in- 35 
jection cun-ent in the respective directions. This would 
allow to effectively use the grid 304 as an Injection elec- 
trode while still maintaining an orientation-dependent 
application of the cun-ent to the VCSEL device. The 
electrical insulation between the upwardly extending 40 
and the laterally extending stripes may be obtained, for 
Instance, by providing an insulation layer between the 
upward and the lateral stripes, which may be fomned 
from silicon nitride and the like. It should be noted that 
although |n this embodiment as well as In the embodi- 45 
ments previously described, reference is made to 
square shaped and rectangular VCSEL elements, like- 
wise polygonal, preferably symmetric VCSEL elements 
such as hexagonal or diamond-shaped elements may 
be used. Advantageously, a hexagonal structure is used so 
for VCSEL arrays that are operated in an in-phase mode 
since operation of this array in an out-of-phase mode 
would require a lot of non-lasing elements due to the 
large number of nearest neighbors without phase-cou- 
pling, which would considerably reduce the efficiency of ss 
the entire array. 

[0061] Figure 4 schematically shows a top portion of 
a VCSEL device according to a further embodiment of 



the present invention. In an VCSEL device 400, an ac- 
tive region is arranged between a first and a second mir- 
ror means, which are not shown in the figure. On top of 
the top mirror means, a metal grid 404 is provided that 
defines a plurality of VCSEI. elements 405 which are 
arranged as a 2X2 array. Between the metal grid 404 
and the top mln^or means, with respect to the vertical 
direction, a phase-matching layer is provided, the opti- 
cal thickness of which is adjusted such that a reflectivity 
difference of about 1% to about 3% between the laser 
elements 405 and the region covered by the metal grid 
404 Is achieved. A second grid layer 406, for example 
comprising silicon nitride, is provided and sub-divides 
each VCSEL element 405 Into two or more sub portions. 
Due to the difference in their refractive index, the metal 
grid 404 and the second grid 406 provide a different re- 
flectivity difference with respect to the uncoyered por- 
tions of the VCSEL elements. For instance, the second 
grid 406 may provide a reflectivity difference of about 
0.5%. 

[0062] In operation, due to the further modulation of 
the reflectivity difference, a pre-defined polarization di- 
rection is established upon injecting current into the VC- 
SEL device 400. Accordingly, the polarization direction 
is pre-determined and will be maintained throughout op- 
eration of the device. 



Claims 

1 . A method of stabilizing the polarization of a vertical 
cavity surface emitting laser (VCSEL) device (100; 
300; 400), comprising: 

providing two or more VCSEL elements (105; 
305; 405) capable of emitting substantially a 
single mode radiation of substantially the same 
wavelength and arranged to allow phase-cou- 
pling between the two or more VCSEL ele- 
ments (105; 305; 405), and 

initiating emission of radiation by injecting cur- 
rent into the two or more VCSEL elements (1 05; 
305; 405) to produce phase-coupled radiation, 
wherein the polarization direction of each of the 
two or more VCSEL elements (105; 305; 405) 
remains substantially constant during opera- 
tion. 

2. The method of claim 1 further comprising: 

providing a phase-coupling region (104; 304; 
404) between adjacent VCSEL elements (105; 
305; 405), the phase-coupling region (1 04; 304; 
404) having a lateral dimension and a longitu- 
dinal dimension, substantially perpendicular to 
the major emission direction of the VCSEL de- 
vice (100; 300; 400), the lateral dimension be- 
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5. 



6. 



ing less than the longitudinal dimension, where- 
in the lateral dimension is In the range from 
about 7 \im to about 0.1 \xm. 

The method of claim 1 or2, wherein in each VCSEL 
element, a radiation window is provided with a size 
from about 40 jun^ to about 1 ^m^. 

The method of any of claims 1 to 3, wherein a re- 
flectivity difference between a resonator region cor- 
responding to a radiation window of each of the VC- 
SEL elements and a phase-coupling region provid- 
ed between adjacent VCSEL elements is selected 
to be within about 0.5% to 15%. 

The method of any of claims 1 to 4, wherein two to 
five VCSEL elements are provided. 

The method of any of claims 1 to 6, wherein said 
two or more VCSEL elements are top-emitting VC- 
SEL elements. 



7. The method of claim 4, further comprising; 

providing the phase-coupling region, at least 
partially, as an electrically conductive material. 

8. The method of claim 7, wherein the phase-coupling 
region is provided on top of a distributed Bragg re- 
flector to define radiation windows con^espondlng to 
each VCSEL element. 

9. The method of claim 7, wherein the phase-coupling 
region is used as an injection electrode for Injecting 
current. 

10. The method of claim 7, wherein the phase-coupling 
region Is provided as a grid layer vertically arranged 
between a first mirror means and a second min-or 
means. 

11. The method of claim 7, further comprising: 

providing a second phase-coupling region di- 
viding each of the VCSEL elements into two or 
more sub portions, the second phase-coupling 
region generating a second reflectivity differ- 
ence between resonator regions covered by 
the second phase-coupling region and resona- 
tor regions not covered by the second phase- 
coupling region, wherein the second reflectivity 
difference differs from the reflectivity difference 
created by the phase-coupling region. 



12. 



The method of any of claims 1 to 11 , wherein said 
two or more VCSEL elements are arranged as an 
array defined by a phase-coupling region fornied on 
top of a top Bragg reflector of the VCSEL device. 



13. The method of claim 12, wherein the phase-cou- 
pling region Is provided as a grid layer, that is at 
least partially conductive, and Is used to inhomoge- 
neously inject current 



14. 
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The method of claim 1 3 , wherein stripes of said grid 
layer extending along a first direction and stripes ex- 
tending along a second direction are supplied with 
different currents respectively. 



15. The method of claim 14, wherein a radiation emit- 
ting surface of each of the VCSEL elements is sub- 
stantially of square shape, rectangular shape, dia- 
mond shape, or hexagonal shape. 



16. 



The method of claim 1 2. wherein the array Is asym- 
metric. 



17. The method of any of claims 1 to 16. further com- 
prising: 

providing a polarization adjusting means to se- 
lect a pre-defined polarization direction. 



25 1 8. The method of claim 1 7, further comprising: 



providing a strain element in the polarization 
adjusting means to produce orientation-de- 
pendent strain in one or more of the VCSEL el- 
ements. 



30 



35 



19. The method of claim 18, further comprising: 

providing a means for selecting a pre-defined 



orientation 
strain. 



of said orientation-dependent 



20. The method of any of claims 1 to 19. wherein the 
VCSEL elements are operated In a continuous 

40 wave mode. 

21 . A polarization-stable VCSEL device (1 00; 300; 400) 
comprising: 



45 



50 



55 



an arrangement of two to five phase-coupled 
VCSEL elements (1 05; 305; 405), wherein, dur- 
ing operation, the polarization direction of each 
of the VCSEL elements remains substantially 
constant. 

22. A polarization-stable VCSEL device (1 00; 300; 400) 
comprising: 

a plurality of phase-coupled VCSEL elements 
(106; 305; 405); and 

a polarization adjusting means (311, 312) pro- 
vided in one or more of the phase-coupled VC- 
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SEL elements (105; 305; 405) to select a pre- 
defined polarization direction. 

23. The polarization-stable VCSEL device of claim 22, 
wherein the polarization adjusting means compris- 
es a strain element to produce an orientation-de- 
pendent strain in one or more of the phase-coupled 
VCSEL elements. 

24. The polarization-stable VCSEL device of claim 23, 
wherein said strain element comprises a strain layer 
including one or more shrunk material layers to cre- 
ate said orientation-dependent strain. 

25. The polarization-stable VCSEL device of claim 22, 
wherein the polarization adjusting means coniprls- 
es electrodes adapted to allow inhomogeneous In- 
jection of current into the VCSEL elements. 

26. The polarization-stable VCSEL device of claim 25, 
wherein said electrodes are arranged in accord- 
ance with a crystallographic orientation of a sub- 
strate on which the VCSEL device is formed. 

27. The polarization-stable VCSEL device of claim 26, 
wherein electrodes oriented In a first crystallograph- 
ic direction are electrically insulated from electrodes 
oriented in a second crystallographic direction. 

26. The polarization-stable VCSEL device of claim 22, 
wherein the plurality of phase-coupled VCSEL ele- 
ments are an^anged in an array defined by a grid 
layer comprising electrically conductive portions. 

29. The polarization-stable VCSEL device of claim 28, 
wherein first stripes of the grid layer extend along a 
first direction and second stripes extend along a 
second direction whereby a width of the first stripes 
is less than a width of the second stripes. 

30. The polarization-stable VCSEL device of claim 28 
or 29, wherein said an-ay is asymmetric. 

31. The polarization-stable VCSEL device of any of 
claims 28 to 30, wherein each element of the array 
is of square shape and/or rectangular shape. 

32. The polarization-stable VCSEL device of claim 22, 
wherein respective emission windows of said plu- 
rality of VCSEL elements are of polygonal shape. 

33. The polarization-stable VCSEL device of claims 21 
or 22, further comprising: 

a phase-matching layer on top of a distributed 
Bragg reflector, the phase-matching layer ad- 
justing a reflectivity difference of the VCSEL 
resonator area below a radiation window and 
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below a region separating two adjacent VCSEL 
elements to about 0.5 to about 3%. 

34. The polarization-stable VCSEL device of claims 21 
or 22 further comprising a grid layer arranged be- 
tween a first min-or means and a second mirror 
means fomiing a resonator of the VCSEL device. 

35. The polarization-stable VCSEL device of claim 34, 
wherein said grid layer generates a reflectivity dif- 
ference of about 0.5% to 1 5%. 



36. The polarization-stable VCSEL device of claim 28 
or 34, wherein a width of stripes of the grid layer is 
IS in the range of about 7 ^.m to about 0.1 \m. 
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